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Introduction 

Radical  polymerization  usually  proceeds  with  slow  initiation 
producing  a  low  stationary  concentration  of  growing  radicals,  fast 
propagation  with  modente  tegioaeleciivity  and  low  stereoaeieciiviiy  and  fast 
bimoliKular  terminatian  by  tecooibinatian  or  H-abstnction.  Recmdy,  we 
ptoposed  three  approaches  towards  the  synthesit  of  well-de6ned  potymers 
by  radical  polymerization  L  They  are  baaed  on  the  low  sunonary 
concentration  of  growing  radicals  and  high  concrntiatinn  of  chains  ca^le 
of  growth.  Some  (most)  of  these  chaitts  are.  however,  in  the  maedve  tbnn. 
Thus,  growing  radioUs  may  react  reversibly  with  scavenging  radicals  to 
form  ’dormant''  species^,  or  with  covalent  organometallic  compounrls  to 
produce  subilized  metal-centered  radicals^.  The  third  approach  employs 
participation  of  the  growing  radicals  in  the  degenerative  transfer  teacbons . 

A  living’  radical  polymerizatinn  tnedianism  was  recently  proposed 
in  the  synthesis  of  poly<meth)actylates^  and  also  of  low  poyrhspermy 
polystyrene  by  inidaiion  with  a  system  involving  benzoyl  peroside  (BPO) 
and  2j.6.6-ieiramethylpipetidine-l-oxyl  (TEMPO)  in  vanous  molar  raiioa  at 
temperatures  I2S-140  OC  The  unusual  narrow  polydispenilies  were 
attributed  to  the  fast  initiation  by  the  redox  prooett  in  which  phenyl  radicals 
ate  formed  by  TEMPO-promoied  rlectrmposition  of  BPO.  Growing 
polystyryl  chains  were  proposed  to  be  ’reversibly*  deactivated  by 
scavengmg  TEMPO  radicals,  thus,  substantially  reducing  irreversible 
tertrrinatkw  that  prematurely  stops  chain  growth.  It  was  assumed  that  new 
initialing  radicals  generated  by  thermal  processes  shmid  have  no  effbet  rm 
molecular  weights  and  polydispersities.  However,  at  tetqiexmutes  above  I(X) 
oC.  ’stytyl’  radicals  ate  condnuously  produced  via  thermal  inidadon 
process,  u  Irmg  as  monomer  is  present. 

In  dds  paner  we  rlemonstraie  that  thermal  polymmzatkm  of  styrene 
in  the  presence  or  TEMPO  without  any  addirionai  imhcal  irudaior  (petox^ 
diazo  compound)  also  produces  polymen  with  narrow  molecular  weight 
distribution  (Mw/Mn  >  1.13  to  1.3)  and  that  molecular  weights  increase 
linearly  with  converskm.  Various  inhibitors  have  similar  effeca  to  nitroxides 
but  act  less  eRiciendy. 

Results  and  Discussion 

Fig.  1  presenu  time-conversion  plots  in  semilogaiithniic  coordinates  in 
thermai  bulk  polymerization  of  styrene  at  120  "C  at  different  coocenirmions 
of  TEMPO. 
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Figure  I  Time-conversion  pkNs  in  in  thermal  polymerization  of  styrene,  in  buft.  120^. 
at  dinctem  conccntiations  of  TENIK) 


induction  periods  were  noticed  at  higher  concentradons  of 
TEMPO  which  acts  as  an  inhibiuir.  by  scavenging  reihcals  ihernmliy  formed 
until  their  lonl  consumption.  Then,  polymerizadon  starts  after  different 

mduedon  periods  with  rates  also  influenced  by  the  amount  of  chains  capped 

by  alkoxyamines. 

Dependence  of  molecular  weights  (Mn)  on  conversion  is  almost 
linw,  the  highest  values  are  observed  at  the  lowest  concentrations  of 
TEMPO  [Fig.  2,(0)). 


Figure  2  Mn-conversioa  duundtacti  in  polyinetuaikxi  at  uyieae.  in  bulk,i20ec,  at 
diBcRM  axKtnniiont  of  TEMPO 

Polydispeisides  increase  with  cMiversion  as  shown  in  Fig.  3.  The 
lowest  values  (M«/Ma  «  1. IS  to  1.3)  ate  observed  at  the  highest  amount  of 
TEMPO  (^ 


Fifiac  3  MafMrConvcrsian  phxs  ie  tbeiiaal  patyuMrizaiian  of  nyicne,  I20°C,  in  bulk, 
a  dUbnni  Goaoenuadoui  of  TEMPO 

Tempentute  has  a  ptmiouiiced  effect  on  polymerization  rates,  at  the 
same  concentrations  of  TEMPO,  (Fig.  4).  At  higher  lempmtures  (140<’C;) 
the  highest  rates  were  noticed,  but  the  lov^  molmiar  weights  (Fig.  S. 

(o)].  ^  the  lowest  poiydispersides  [Fig.  6,  (o)). 


Figure  4  Tune-convcision  pioit  in  scmilogaiiamic  coordinates  ui  iliemal  potymcfiaiion 
ofsiyiciie,  I2IF>C.  a  different  ieinpetaluiei.|TEMPOIn«  Iff'M. 
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It  leenis  that  not  only  TEMPO  boi  also  other  stable  ndicals  lead  to 
the  substantial  decrease  of  molecular  weights  and  polydispersides  in  the 
thermal  process.  Nitroxyl  radicals  Giho  TEMPO)  give  the  best  results. 
However,  a  classic  picryl  hydrazyl  radical  (DPPH),  acts  in  a  similar  way. 
Calvinoxyl  with  a  mote  steii^ly  hindered  structure  due  to  the  two  ten-butyl 
groups  in  the  ortho  positioa  is  much  less  effideni  (cf.  Table  1) 


Table  1  Thcmial  polymcriiaUoa  of  ityrenc  in  the  presence  of 
different  stable  radicals,  lO'^M,  T  =  120OC,  4S  hours 


Radical 

Mn 

Mw/Mn 

Conversion  % 

. 

196.000 

2.62 

87 

TEMPO 

4,240 

1.26 

80 

4-OH-TEMPO 

3,915 

1.27 

62 

4.0X-TEMPO 

6,830 

1.38 

74 

2.2.3,4,5,5-HexameihyI-3- 
imidazolinium-l-yloxy  methyl 
sulfate 

DPPH 

4,367 

1.31 

78 

3,444 

1.76 

36 

Calvinoxyl 

43,157 

1.5 

57 

Classic  inhibitors  based  on  the  quinone  or  phenol  structures  have 
much  smaller  effects  but  also  lead  to  lower  molecular  weights  and  lower 
polydispersides  than  in  the  uninhibited  process.  (Tab.  2). 


Table  2  Thermal  polymerization  of  styrene  in  the  presence  of 
inhibitors,  120**C,  22  hours 


Inhibitor  Mn 

Hydtoquinane  61,008 

2,6-di-l-butyl-4-meihylphenol  110,981 
Benzoquinone  48,935 


Mw/Mn  Conversion,% 

1.7  74 

2.07  70 

1.8  75 


The  control  of  molecular  weights  and  decrease  of  polydispersides 
was  up  M>  now  anributed  to  the  leveisiUe  homolytic  cleavage  of  the  doimam 
species  P-R  (eq.  1): 


(1) 


However,  it  is  also  possible  that  radicals  formed  continuously  during 
thermal  inidation  may  react  in  the  transfer  processes  with  polymeric 
alkoxyamines.  In  this  ihetmodynamically  neutral  process  newly  generated 
radicals  will  react  with  alkoxyamiiws  (donnam  sproies),  lefotitdng  radicals 
of  the  same  structure  as  growing  tadic^  and  alkoxyatttiites  also  of  the  same 
structure.  If  the  exchange  process  (degenerative  transfer)  (eq.  2)  is  fast 
enough  and  the  ratio  of  terminaied  chains  to  the  total  number  of  chains  is 
low,  a  well-defined  system  may  be  formed. 


Thermal  polymerization  of  styrene  in  the  presence  of  several  radical 
scavengers  and  inhibitors  was  invesdgaied.  Rates,  molecolar  weights  and 
polydis^Tsities  depend  on  the  nature  ^  the  scavenger,  on  its  concentration 
and  reaction  temptiatute.  In  the  best  controlled  systems,  molecular  weights 
up  to  Mn"l0,000  and  polydispersides  Mw/M|,«1.2  were  observed.  It  is 
proposed  that  in  addidon  to  the  reversible  aedvadon  by  the  homolytic 
cleavage  of  the  "dormant*  [P-R]  species,  degenerative  cluin  transfer 
reactions  may  be  involved. 
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